Molten Gd-Si and Y-Si alloys were examined calorimetrically at 1760 and 1770 K, respectively. The partial enthalpies of mixing of gadolinium (∆ mixHGd ), yttrium (∆ mixHY ) and silicon (∆ mixHSi ) were measured. The integral enthalpy of mixing (∆ mix H) was calculated by Darken's method. The available thermodynamic data of liquid (Gd,Y)-Si alloys were compared. The partial enthalpies of mixing of Gd and Y, and appropriate integral enthalpies of mixing, were described by polynomial dependencies versus mole fraction of Gd or Y.
Introduction
Strong interactions between free and local electrons near the temperature of metal-insulator transitions affect significantly the specific heat and magnetic properties. In some cases the transition leads to a colossal magnetocaloric effect (CMCE) [1] . This effect makes possible the commercial adaption of CMCE materials, in particular for magnetic refrigeration [2, 3] .
Gadolinium and its alloys with semiconducting silicon or germanium are used as CMCE materials. Gd 5 Si 4 is one of the promising materials for magnetic refrigeration. However, for useful commercial application Curie temperature tuning from 340 K to near-room temperature is required. A study of (Gd 1−x Y x ) 5 Si 4 alloys [4] shows that the Curie temperature can be optimized for magnetic refrigeration, using in particular substitution of Gd by Y. Such an effect of Y addition was also found for films of α-Gd x Si 1−x spinglasses [5] .
In the present article we analyse the thermodynamic literature data and report results of our calorimetric examination of liquid Gd-Si and Y-Si alloys.
The phase diagram of Gd-Si has been studied by differential thermal analysis and X-ray powder diffraction [6, 7] , but no thermodynamic optimization was performed. The phase diagram of Y-Si was published in [8] and later based on available thermodynamic data in [9] . However, the liquidus curves in [8] and [9] differ in the region of yttrium silicides formation.
0932-0784 / 05 / 0800-0649 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Both phase diagrams are characterized by refractory silicides, which make the examination of the liquid phase too complicated at 0.30 < x Gd < 0.70 and 0.35 < x Y < 0.75.
Thermodynamic literature data on liquid silicides are scanty and partly contradictory. Calorimetric standard enthalpies of formation [∆ f H 0 (298.15)] of gadolinium silicides [10 -12] agree (Fig. 1 ). Hence the ∆ f H 0 (298.15) measured by the electromotive force (EMF) method [13] are more negative. Several standard enthalpies of formation of yttrium silicides were measured by calorimetry [14, 15] , EMF [16] and one was calculated by the Miedema method [17] . The data of [16] are more negative than the data of [14, 15, 17] (see Fig. 3 ).
The thermodynamics of the liquid phase of the systems was examined by calorimetry only. A set of enthalpies of mixing of Gd-Si melts was measured for 0 ≤ x Gd ≤ 0.06 [18] . Enthalpies of mixing of the Y-Si alloys were reported in [19 -22] (see Figs. 2 and 3 ) and compared in [9] . As one can see in Fig. 2 , the ∆ mixHY determined in [19, 20] do not agree with the ones in [21, 22] .
Experimental
The Alfa reagents gadolinium (purity 99.995 mass%), tungsten (purity 99.96 mass%), yttrium distillate (purity 99.97 mass%) and silicon (purity 99.9999 mass%) were used in the experiments. The calorimetric experiments were carried out in argon (99.997 vol.%) at atmospheric pressure, using a self-constructed high-temperature isoperibolic calorimeter [23] . The measurements on Gd-Si and Y-Si were performed at 1760 and 1770 K, respectively. [10] ; open square is a datum of [11] ; open circles are data of [12] ; open down triangles are data of [13] .
For details of the measurement technique see [24] . The enthalpies of mixing were calculated from heatexchange curves, which were registered at dropping of pure samples, stored at 298 K, into the liquid bath. Two runs were recorded for the examination of the Gd-Si system. In the first experiment the initial component in the bath was Si, and weighted samples of Gd were dropped into the melt up to the mole fraction x Gd = 0.3. In the second experiment Si and Gd were reversed and Si was added up to x Si = 0.2. A single experiment was performed for examination of the Y-Si system, using silicon as the initial component. In the final part of the mixing experiments, samples of W, which was used as a reference material, were dropped into the melt for the calorimeter calibration. The absence of interaction between tungsten and the melt was confirmed by mass analysis after cooling and cutting of the alloys. The heat-exchange coefficient of the calorimeter was calculated by the formula
where ∆H T 298.15 is the standard enthalpy of heating from 298.15 K up to the experimental temperature [25] , i is the dropped sample number, n i is the mole quantity of the dropped sample and S i is the area of the heat-exchange peak. The k i values were treated by the least squares regression (l. s. r.) for the linear model
where m alloy is the mass of the alloy. The partial enthalpy of mixing was calculated from the experimental heat-exchange curves by the formula
where A is the component, i.e. Gd, Y or Si. The values of ∆ mixHGd were assigned to the middle point of the composition range before and after the sample addition. The experimental partial enthalpy of mixing was smoothed using the l. s. r. for the polynomial equation
where Q j is the polynomial coefficient and l is the polynomial degree determined by Fisher's exact test. The calculation of the integral enthalpy of mixing was performed by Darken's method:
After substitution of (4) in (5) and integration, (5) should be
The integral enthalpy of mixing determined for the two concentration intervals was extrapolated into the range of overcooled liquid alloys by statistical treatment of the ζ -function (ζ = ∆ mix H(x A − x 2 A ) −1 ) via the polynomial model. [20] at 1870 K. Data fit: dash-dotted line describes data of [19] ; solid line describes data of [20] ; dotted line describes data of [21] at 2053 K; dashed line describes data of [22] at 1973 K.
Results and Discussion
The primary experimental data are listed in Tables 1  and 2 . The concentration dependences of ∆ mixHGd , ∆ mixHSi , and ∆ mix H in the Gd-Si system are shown in Figure 1 . Evidently ∆ mixHGd decreases sharply from −234 to −404 kJ mol −1 at x Gd = 0.27. This effect is caused by the transition into a heterogeneous state, where the weighted Gd is dissolved in the melt with simultaneous crystallization of β -GdSi 2 [7] . Significant heat-evolution accompanies the crystallization, and so ∆ mixHGd decreases sharply. Therefore, the ∆ mixHGd data at x Gd > 0.27 were omitted from the subsequent calculations.
It has been found that ∆ mixHGd and ∆ mix H in the Gd-Si system can be expressed for the whole composition range as 
The Gd-Si melts are characterized by significant negative enthalpies of mixing. The extreme of ∆ mix H is found to be −79.86 kJ mol −1 at x Gd = 0.417. The present data agree well with those of [18] for diluted gadolinium solutions. The values of ∆ f H 0 (298.15) and ∆ mix H are closely related, excluded the EMF data [21] at 2053 K; dotted line corresponds to the polynomial dependence describing data of [21] at 2053 K; dashed line corresponds to the polynomial dependence describing data of [22] at 1973 K; solid line corresponds to the polynomial dependence describing data of [20] at 1870 K; dash-dotted line corresponds to the polynomial dependence describing data of [19] at 1880 K. ∆ f H 0 (298.15): open down triangles are data of [14] ; open circle is datum of [15] ; open squares are data of [16] ; open up triangles are data of [17] .
of [13] . Consequently, interaction of Gd and Si atomic pairs paid the major contribution to the thermodynamics of the liquid, and clusters isostoichiometric to the gadolinium silicides can be formed in the liquid phase.
As can be seen from Fig. 2 , our ∆ mixHY data in the Y-Si system agree well with those of [19, 20] and are more negative than in [21, 22] . Therefore, the data of [21, 22] can be considered as overstated. Considering the data of [19, 20] , we have chosen those of [20] [20] ; curves are polynomial fitting of data [20] .
as the most relevant ones. These data are the latest ones reported by Yesin's working-group. Moreover, the enthalpies of mixing were measured in [20] for two concentration ranges (0 < x Y < 0.35 and 0.8 < x Y < 1), in contrast to [19] . Therefore, the initial data of [20] were used for the optimization of the enthalpies of mixing, and the corresponding equations were 
The extreme of ∆ mix H is found to be −67.83 kJ mol −1 at x Y = 0.471 (see Figs. 3 and 4) . The extremes of ∆ mix H in the liquid Y-Si alloys and of ∆ f H of yttrium silicides are at the same concentration, which testifies the significant effect of the intermetallides on the thermodynamics of liquid Y-Si alloys. Contrary to the thermodynamic behaviour of the Gd-Si system, the standard enthalpies of formation of yttrium silicides are found to be more negative than the ∆ mix H. This evidences that the inter-component interaction is weakening at the transition into the liquid state.
